ABSTRACT A random population of temperature-sensitive mutants was screened by assaying for defects in DNA synthesis in a permeabilized yeast DNA replication system. Twenty mutants defective in in vitro DNA synthesis have been isolated. In this paper we describe eight of these mutants. Seven of them fall into three complementation groups-cdc2, cdc8, and cdcl6-involved in the control of the cell-division cycle. Because synthesis in vitro represents propagation of replication forks active in vivo at the time of permeabilization, our finding that cdc2 and cdcl6 mutants can incorporate dTMP into DNA in such permeabilized cells at 23'C but not at 37C supports the conclusion that these two mutations directly affect DNA synthesis at replication forks. Such an involvement was previously suggested by n vimo analysis for CDC2 but was less clear for CDC16. Finally, the usefulness of our screening procedure is demonstrated by the isolation of replication mutants in previously undescribed complementation groups. One strain shows a serious defect in in vivo DNA synthesis but normal RNA synthesis.
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Attention has focused recently on the microbial eukaryote, Saccharomyces cerevisiae, in which both genetic and biochemical approaches to the study of gene expression are possible. Our interest in the yeast system is related to the ability to take a combined genetic and biochemical approach to the study of DNA replication. Specifically, we would like to isolate and characterize the proteins required for DNA replication in yeast by complementation of DNA replication mutants in a cell-free in vitro DNA replication system such as has recently been described (1) (2) (3) (4) .
Genetic analysis of yeast DNA replication began with the isolation and characterization of a number of temperature-sensitive mutants having defects in cell division (5) . Of these, several were found to be deficient in DNA synthesis (cdc28, cdc4, cdc7, cdc2, cdc6, cdc8, cdc2l, and cdc9) (5) (6) (7) (8) (9) (10) (11) . The products of CDC28 and CDC4 are believed to have execution points in the cell cycle before the actual onset of DNA synthesis, and CDC7 seems to act at the time of entry into S phase (7, 9) . CDC21 has been shown to be defective in the synthesis of dTMP (12) . Thus only CDC2, CDC6, CDC8, and CDC9 appear to be directly involved in DNA synthesis. CDC2 must function to complete DNA synthesis, and CDC6 seems to be involved in initiation (8) . CDC8 has been shown to be involved in elongation and is required for mitochondrial DNA synthesis (7, 13) . Recently, the CDC8 protein was purified and shown to bind to single-stranded DNA (14, 15) . cdc9 mutants synthesize DNA at the nonpermissive temperature, but the DNA is of low molecular weight. cdc9 strains contain no DNA ligase, and therefore CDC9 may be the structural gene for ligase (11) .
It is likely that a considerable number of additional genes are involved. Johnston and Thomas (16) (20) . Strain cdc7 was derived from A364 and was from John Scott (University of Illinois). The 400 haploid temperature-sensitive mutants, which do not form colonies at 360C but do form colonies at 230C, were derived from A364a by mutagenesis with N-methyl-N'-nitro-N-nitrosoguanidine by L. H. Hartwell (5, 20) and were provided by Fred Sherman (University of Rochester). Strain D273-lla (a adel hisi trp2) was from the Cold Spring Harbor Laboratory collection. Strains of a mating type for complementation studies, obtained by crossing each mutant with strain SRG05-1 (a trpl-l met8-1 ile-l ilv-2) were from Steve Reed (University of California, Santa Barbara). Segregants of a mating type were identified using standard test strains.
Media. YPD medium, SD medium, sporulation agar, YPDG, and minimal agar are described in ref. 21 (18) , suggesting that the same machinery used in vivo for carrying out DNA replication was also used in vitro.
A modification of the permeabilization procedure that was developed by Banks for studying Ustilago has been described (15, 19) . Cells are made permeable to triphosphates by incubation in sucrose/Brij 58. By using this system, we were able to reproduce the results obtained by Hereford and Hartwell (18) and to extend them in several ways as described in ref. 15 .
In Fig. 1 , we present an additional aspect of this systemnamely, that initiation mutants behave in the sucrose/Brij 58-treated cells in the same way that they do in the Brij 58-treated cells described by Hereford and Hartwell (18) . Cells were grown at 230C, incubated with Tris-HCl/sucrose/Brij 58 at 300C for the indicated times, and synthesis was measured at 37°C. Hartwell and colleagues by screening for terminal phenotype (20) . The finding that cdc2 and cdc16 mutants are defective in in vitro synthesis was a surprising and interesting result, because previous studies had not indicated clearly whether these mutations directly affected DNA synthesis. Both mutants, for instance, incorporate substantial amounts of radioactive precursors into DNA at the nonpermissive temperature in vivo (22) . After discovering that these mutants were defective at 370C in permeabilized in vitro systems, it was of interest to further characterize them by testing for defects at 230C. We compared the amount of synthesis in permeabilized cdc2 and cdc16 at 230C and 37TC. Both mutants showed almost wild-type levels of incorporation in permeabilized cells at 23TC. Therefore, as for cdc8, synthesis in vitro in these mutants is thermolabile. Thus our results suggest strongly that both cdc2 and cdc16 genes are directly involved in DNA synthesis.
Complementation Analysis. We were interested in knowing how many complementation groups were represented among our mutants. Complementation analysis was carried out by preparing an a-mating type derivative of each of the 20-mutants. Pairwise matings were then conducted as described, and the resulting diploids were tested for temperature sensitivity. Mutants 129, 328, and 426 were found to fall into the same complementation group as 346 and 370-namely cdc2. Because of the high frequency of appearance of mutations in the cdc2 group, these mutants were chosen for further study. Strain 154 was in a different complementation group from the others. It was chosen for further study because it had a severe defect in in vitro synthesis at both 230C and 370C, although more synthesis was observed at 23TC. The remaining mutants have not been further characterized and will be described elsewhere.
Cell-cycle theory predicts that a cdc gene product is necessary for only one of the discontinuous events in the cell cycle (20) . Therefore one expects that at the nonpermissive temperature an asynchronous culture of a conditional mutant in a cdc gene will arrest growth with a homogeneous and characteristic morphology called a terminal phenotype. The three cdc2 mutants identified, strains 129, 328, and 426, do not show the typical arrest morphology (two large buds) of the two previously identified cdc2 alleles, strains 346 and 370 (10) . It is possible, therefore, that these mutants contain secondary mutations and that when they are removed the typical cdc2 terminal phenotype will be observed. Segregation Analysis. It was also important in evaluating the usefulness of this method of detecting replication mutants to ensure that the temperature-sensitive phenotype and the defect in in vitro DNA synthesis were due to mutations in the same genes. Mutant strains 346 and 154 were each crossed with an appropriate nontemperature-sensitive strain and sporulated, and the segregation of the two traits, temperature sensitivity in vivo and in vitro, was assayed in six tetrads for each cross. In every tetrad, an example of which is shown in Further Characteristics of the Permeabilized Cell Screening System. One possible limitation of this screening method is that mutations affecting initiation may escape detection. However, one class of mutant we found, the cdc2 mutants, has a phenotype consistent with a defect in initiation (23) . Therefore, the system may be more versatile than we would have predicted. Furthermore, initiation mutants are defective if grown at the nonpermissive temperature, which could be incorporated into the screening procedure if desired (18) .
A further consideration is whether chromosomal replication is affected in the mutants identified. Yeast contains, in addition to 16 (or 17) chromosomes, mitochondrial, ribosomal, and plas- by colony hybridization (24) using nick-translated yeast mitochondrial DNA prepared as described by Zeman and Lusena (25) .
mid DNAs. The work of Banks (19) suggested that Tris HCl/ sucrose/Brij 58-treated cells might carry out only mitochondrial synthesis, because in a p+ cell, all of the newly synthesized DNA was of mitochondrial rather than chromosomal density. To ensure that the in vitro system was capable of measuring chromosomal DNA synthesis and hoping to be able to screen for genes affecting only chromosomal DNA synthesis, we prepared p0 derivatives of each of the strains in the collection of 400 temperature-sensitive mutants. p0 strains contain no mitochondrial DNA. When we assayed them for DNA synthesis in vitro, we found about 50% as much synthesis on the average in the mitochondrial-lacking mutants in this in vitro system ( Table  5 ). The important point to emphasize is that although some of the in vitro synthesis may be due to mitochondrial DNA, not all of it is, because many p0 mutants are as efficient as wild type at in vitro synthesis (Table 5) . Unfortunately, because of the inability to obtain reproducible results even on the same p0 strains from experiment to experiment (Table 5 and data not shown), it was not possible to correlate lack of synthesis in any particular p°s train in vitro with specific mutations and we could not use p strains to screen specifically for nuclear DNA synthesis defects. We attribute the variability in permeabilized p0 to either (i) a lower permeability than p+ cells; (ii) the fact that p0 cells are much smaller (petites) than wild type and may, therefore, be unable to transport enough precursors to support the full level of synthesis; or (iii) increased variability in recovery of cells during the harvesting procedure. The strongest evidence, however, that chromosomal DNA synthesis is being observed in vitro and that mutants in chromosomal synthesis can be detected by the method described in this paper is the fact that cdc2 mutants were among the mutants we identified. Conrad and Newlon (23) have shown that mitochondrial DNA synthesis continues for several hours after chromosomal DNA synthesis has ceased at the nonpermissive temperature in vivo in cdc2 mutants. Because cdc2 mutants are deficient in vitro, we must be observing defects due to chromosomal DNA synthesis. 
DISCUSSION

